Introduction
============

In the eukaryotic protein expression pathway pre-mRNA splicing is a fundamental process, in which splice site sequences have to be recognized, so that exons can be correctly joined to form an mRNA that encodes the desired protein. Due to the degenerate nature of the consensus splice site sequences \[[@b26]\], these relatively short sequence elements are not always sufficient to ensure precise discrimination between exonic and intronic sequences. This is illustrated by the fact that typical mammalian pre-mRNAs harbor many pseudosplice sites that fit the consensus splice site sequences, but which are normally not used \[[@b30]\], and conversely, many functional splice sites do not conform well to the consensus splice site sequences. Thus, in addition to the splice site sequences other *cis*-regulatory elements, which act as splicing enhancers or silencers, direct the splicing machinery to use the correct splice sites, and to avoid the use of pseudosplice sites. Exonic splicing enhancers (ESE) stimulate splicing and serve as binding sites for various splicing factors of which the best characterized are the serine/arginine-rich proteins (SR proteins) \[[@b4]\]. Exonic splicing silencers (ESS) and intronic splicing silencers (ISS) repress splicing, and often function by binding of proteins from the heterogenous nuclear ribonucleoprotein (hnRNP) family \[[@b4]\]. Most reported splicing mutations directly abolish an authentic splice site or create a novel splice site, but an increasing number of disease-associated mutations that alter splicing enhancers or silencers have been reported in recent years \[[@b3]; [@b4]; [@b31]\]. The majority of reported mutations in this type of splicing regulatory sequences are located in exons and believed to disrupt ESEs, thereby causing aberrant splicing \[[@b14]; [@b16]; [@b17]; [@b20]\]. There has been only few reports of disease-causing mutations in introns that cause missplicing by inducing inclusion of intronic sequences as exons (pseudoexon inclusion) \[[@b3]\], and the vast majority of this type of mutation functions by strengthening of preexisting weak pseudosplice sites or by creating new splice sites. Only very few examples have been reported where disease-causing mutations cause pseudoexon inclusion without changing the splice sites directly \[[@b6]\]. Consequently, little is known about the mechanisms by which intronic sequence variations can activate pseudoexons and cause disease. It is likely that this is an important disease mechanism, which is heavily underreported, because the causative mutations are typically located in intronic sequences, which are not routinely investigated in diagnostic laboratories and because it requires analysis of patient RNA to observe the effect directly.

The complementation group cobalamin E *(cblE)* type of homocystinuria (*cblE*; MIM\# 236270) \[[@b33]; [@b35]\] is a rare autosomal recessive disorder, which presents early in life and is characterized by failure to thrive, megaloblastic anemia, and neurological complications such as developmental delay and brain atrophy. Patients also exhibit homocystinuria, hyperhomocysteinaemia, and often hypomethioninaemia \[[@b25]; [@b35]\]. The *cblE* type of homocystinuria is caused by mutations in the *MTRR* gene (MIM\# 602568) that lead to a deficiency of methionine synthase reductase (MTRR, EC 1.16.1.8), an enzyme that participates in the remethylation pathway of the methionine cycle \[[@b12]; [@b33]\].

The most frequent mutation in the *MTRR* gene is a T\>C transition located deep in intron 6 (c.903+469T\>C, p.S301fsX315) \[[@b33]; [@b35]\]. The mutant allele causes severe missplicing of the *MTRR* mRNA and only very small amounts of normal mRNA. The vast majority of the mRNA produced from the mutant allele contains 140 bp of intronic sequence, a pseudoexon, inserted between exons 6 and 7 (r.903_904ins140). It is not clear if and how the T\>C substitution, which is located 23 bp downstream from the 5′ end of the pseudoexon, may result in pseudoexon inclusion, because it does not abolish or create any splice site. [@b33] suggested that it creates a potential ESE, but did not address this possibility experimentally. The pseudoexon insertion causes a frameshift, and creates a downstream premature termination codon, which results in dramatically decreased amounts of *MTRR* mRNA possibly via nonsense-mediated decay and prevents production of a functional protein.

To date, the consequences of the c.903+469T\>C mutation in the *MTRR* gene have not been characterized functionally. Therefore, we have in the present study investigated the underlying mechanism experimentally using splicing reporter minigenes and RNA affinity purification. We show that the mutation exerts its pathogenicity by creating a general ESE motif, which is also important in another gene and functions by binding of the splicing regulatory protein SF2/ASF (splicing factor 2/alternative splicing factor).

Materials and Methods
=====================

Splicing Minigene Constructs
----------------------------

### HIV-tat minigene

MTRR-EcoRI-S (5′-ttatgagcttgaattctctcagcacagtaatattgtca-3′) and MTRR-PstI-AS (5′-ttatatattctgcagctgggttcaagtgaccg-3′) primers were used to amplify the region of the *MTRR* intron 6 spanning the *MTRR* pseudoexon. PCR products were cloned between the *Eco*RI and *Pst*I site of the pSPL3 exon-trapping vector (Invitrogen, Carlsbad, CA) to produce HIV-*tat* minigenes (*pSPL3/wt* and *pSPL3/mut*).

### β-Globin minigene

The region of exon 1--intron 1--exon 2 of the β-globin gene was amplified by β-NotI-S (5′-ttattagcggccgcattgcttacatttgcttctga-3′) and β-HindIII-AS (5′-tgatcggttaagcttgcccttgaggttgtcca-3′) primers and ligated into *pCMV-Tag-1* (Stratagene, La Jolla, CA) to produce the pCMV/β vector. The wild-type and mutant *MTRR* pseudoexon and their flanking intronic sequences omitting upstream VNTR region, which can cause difficulties in cloning, were amplified from the genomic DNA from a subject who is heterozygous for the c.903+469T\>C mutation using primers MTRR-BpiI-S (5′-tgagacgaagactcttgggtcatcttgccattttattcc-3′) and MTRR-BpiI-AS (5′-tgatttacccaagagtcttcctgggttcaagtgaccg-3′) and cloned into *Bpi*I site of the pCMV/b vector to produce β-globin minigenes (β/*wt* and β/*mut*).

### 5′ splice site optimization

Using PCR-based mutagenesis and the mutagenic primer MTRR OPT5-S (5′-gctgtccactcaggtragtcaggaagttaga-3′), we prepared four different variants of the pCMV/β minigene: pCMV/β-MTRR WT+3A and pCMV/β-MTRR MUT1+A, which has an optimal splice site with A at position +3 of the pseudoexon 5′ splice site. pCMV/β-MTRR WT1+3G and pCMV/β-MTRR MUT+3G, which has an optimal splice site with G at position +3 of the pseudoexon 5′ splice site, making it slightly weaker than the +3A variants. The integrity of all final constructs was confirmed by sequencing.

All nucleotide numbering regarding the *MTRR* gene (NM_002454.2) reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence, according to journal guidelines (<http://www.hgvs.org/mutnomen>). The initiation codon is codon 1.

Functional Splicing Assays
--------------------------

Eukaryotic COS-7 cells were transiently transfected with 5 μg plasmid DNA using Lipofectamine 2000 (Invitrogen). After 24 hr incubation total RNA was extracted by ToRNAzol (GeneAge Technologies, Czech Republic), treated with DNAseI, and reversely transcribed with ImProm-II™ Reverse Transcriptase (Promega, Madison, WI) using oligo(dT)~12--18~ primers. Splicing products were analysed by PCR with vector specific primers T3 (5′-aattaaccctcactaaaggg-3′) and T7 (5′-taatacgactcactataggg-3′) used for the β-globin minigenes and SD6 (5′-tctgagtcacctggacaacc-3′) and SA2 (5′-atctcagtggtatttgtgagc-3′) for the HIV-*tat* minigenes, respectively. The identity of the PCR products was confirmed by sequencing.

In Silico Analysis of the Splice Site Strength
----------------------------------------------

The strength of pseudoexon- and authentic-splice sites was assessed by Web-based tools: GeneSplicer (<http://www.tigr.org/tdb/GeneSplicer/>) \[[@b21]\]; NetGene2 (<http://www.cbs.dtu.dk/services/NetGene2/>) \[[@b2]\]; NNSplice (<http://www.fruitfly.org/seq_tools/splice.html>) \[[@b22]\]; SpliceView ([http://zeus2.itb.cnr.it/∼webgene/wwwspliceview_ex.html](http://zeus2.itb.cnr.it/~webgene/wwwspliceview_ex.html)) \[[@b24]\], MaxEntScan (<http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html>) \[[@b34]\], and SpliceSiteFinder ([http://www.genet.sickkids.on.ca/∼ali/splicesitefinder.html](http://www.genet.sickkids.on.ca/~ali/splicesitefinder.html)) \[[@b26]\], which predicts the presence of donor or acceptor sites. The programs were used to scan the entire sequence of the human *MTRR* gene (GenBank accession no. NC_0000005.9), authentic and pseudoexon splice sites were selected from the results and their scores were compared.

In Silico Analyses of the ESE and ESS Motifs
--------------------------------------------

Predictive programs RESCUE-ESE (<http://genes.mit.edu/burgelab/rescue-ese/>) \[[@b7]\], ESE finder 3.0 (<http://rulai.cshl.edu/tools/ESE/>) \[[@b5]\] were used for ESE motifs prediction and program FASS-ESS Web server (<http://genes.mit.edu/fas-ess/>) \[[@b32]\] using both set of hexamers (FAS-hex2 and FAS-hex3) for prediction of ESS motifs in sequence of wild-type or mutant pseudoexon with default settings for human sequences. Alternative Splicing Database--Splicing Rainbow (<http://www.ebi.ac.uk/asd-srv/wb.cgi>) \[[@b29]\] was utilized for searching of both ESE and ESS motifs.

Cotransfection Experiments
--------------------------

HEK-293 cells were transiently cotransfected with 0.8 μg of wild-type or mutant HIV-*tat* minigene (*pSPL3/wt* or *pSPL3/mut)* and 0.8 μg of the relevant vector expressing SF2/ASF, SRp40, and SRp55 \[[@b9]\], U1snRNA \[[@b19]\], or empty vector pcDNA3.1+ using FuGENE 6 Transfection Reagent (Roche Molecular Biochemicals, Indianapolis, IN). Total RNA was isolated after 48 hr incubation and splicing products were analyzed as described above.

RNA Interference
----------------

For RNA interference SF2/ASF SMARTpool siRNA oligonucleotides were purchased (Dharmacon, Boulder, CO). Approximately 200,000 HEK-293 cells cultured in 24-well plates were transfected with 100 pmol of the double-stranded oligo-nucleotides or the negative control (5′-UAGCGACUAAACACAUCAA-3′). RNA using Dharmafect1 transfection reagent (Dharmacon). Twenty-fours hours later the cells were transfected with 0.09 μg of either the β-globin minigenes or the HIV-*tat* minigenes using FuGene 6 transfection reagent (Roche Molecular Biochemicals). Cells were harvested 72 hr after the initial siRNA transfection. SF2/ASF down regulation was monitored by Western blotting using an SF2/ASF monoclonal antibody (AK96, Zymed Laboratories, San Fransicso, CA; Invitrogen).

In Vitro Transcription of MTRR Pseudoexon
-----------------------------------------

Primers MTRR-KpnI-S (5′-cctattttggtaccacttcagggaaggact-3′) and MTRR-HindIII-AS (5′-ctctatttcaagcttcctggctgaccttag-3′) were used to amplify the *MTRR* pseudoexon region from heterozygous gDNA. The PCR product was cloned between *Kpn*I and *Hind*III sites in the pTRAP V5 vector (CytoStore, Canada). The resulting plasmids were sequenced to exclude PCR-derived errors and to identify clones containing either wild-type or mutant *MTRR* pseudoexon (pTRAP/MTRRwt or pTRAP/MTRRmut, respectively). Vectors were subsequently linearized by *XhoI* digestion and used as templates (1 μg DNA) for in vitro transcription with MEGAshortscript™ High Yield Transcription Kit (Ambion, Austin, TX).

Pull-Down Assay
---------------

Short biotinylated RNA oligonucleotides (MTRR-wt: 5′-gaatggctggaggagattcagcctgax-3′ and MTRR-mut: 5′-gaatggccggaggagattcatcctgax-3′; x = biotin) spanning the ESE motif or in vitro transcribed RNA comprising the S1 aptamer \[[@b28]\] fused to the 140-bp *MTRR* pseudoexon (wild type or mutant) were used for affinity purification of interacting nuclear proteins. Pull-down assay and immunodetection of purified proteins were carried out as previously described \[[@b17]\].

Databases
---------

MTRR; MIM\#s 236270, 602568; GenBank: NC_000005.9 (g.DNA), NM_002454.2 (mRNA).

Results
=======

The Deep Intronic Mutation c.903+469T\>C Is by Itself Sufficient to Cause Aberrant Splicing of the *MTRR* Transcript
--------------------------------------------------------------------------------------------------------------------

To investigate if the c.903+469T\>C mutation directly causes inclusion of the pseudoexon into *MTRR* mRNA or alternatively is just a marker linked to another causative mutation, we cloned a segment of intron 6 containing the pseudoexon sequence with its flanking sequences into the context of two different splicing reporter minigenes: a β-globin minigene and a HIV-*tat* minigene ([Fig. 1A](#fig01){ref-type="fig"}). In the β-globin minigene the *MTRR* intronic sequence harboring the pseudoexon sequence is inserted in β-globin intron 1 and flanked by β-globin exon 1 and exon 2, whereas in the HIV-*tat* minigene the *MTRR* intronic sequence harboring the pseudoexon sequence is inserted in an intron of the HIV-*tat* gene and flanked by two exons. Eukaryotic COS-7 cells were transiently transfected with each minigene and splicing products were analyzed by RT-PCR ([Fig. 1A](#fig01){ref-type="fig"}).

![Recognition of the *MTRR* pseudoexon with weak 5′ splice site is dependent on the presence of the c.903+469T\>C mutation. **A:** Splicing minigene assay. Upper panel depicts the β-globin and HIV-*tat* minigenes harboring the wild-type or mutant *MTRR* pseudoexon. Minigenes were used to transiently transfect COS-7 cells. After RNA isolation the splicing products were analyzed by RT-PCR using minigene-specific primers. The lower bands represent correctly spliced minigene exons, the upper bands represent *MTRR* pseudoexon inserted between minigene exons. **B:** 5′ splice site optimization. The suboptimal pseudoexon 5′ splice site ([A]{.ul}AG/gt[c]{.ul}ag[c]{.ul}) was converted to an optimal 5′ splice site (variant +3A: [C]{.ul}AG/gt[a]{.ul}ag[t]{.ul}) or to the nearly optimal 5′ splice site (variant 13G: [C]{.ul}AG/gt[g]{.ul}ag[t]{.ul}), and wild-type and mutant minigenes were analyzed by transfection/RT-PCR. The scores of the different 5′ splice sites assessed by the MaxEntScan program (<http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html>) \[[@b34]\] are shown in the left panel. Right panel shows results from RT-PCR analysis of splicing products.](humu0031-0437-f1){#fig01}

The results obtained with both minigenes show that inclusion of the *MTRR* pseudoexon is caused by the c.903+469T\>C mutation per se, and thus that this mutation is by itself responsible for inducing aberrant splicing of the *MTRR* transcript.

The *MTRR* Pseudoexon Is Flanked by a Strong 3′ Splice Site and a Weak 5′ Splice Site
-------------------------------------------------------------------------------------

We next focused our attention on the possible mechanism underlying the observed aberrant splicing. The entire sequence of the *MTRR* gene was scanned by six different programs for splice site prediction (for details see Materials and Methods) and the scores of the splice sites of all the *MTRR* constitutive exons and the pseudoexon were compared ([Table 1](#tbl1){ref-type="table"} and Supp. [Table S1](#SD1){ref-type="supplementary-material"}). Although each program calculates the score according to a different algorithm \[[@b2]; [@b21]; [@b22]; [@b24]; [@b26]; [@b34]\], all analyses gave similar results. In comparison with the authentic *MTRR* 3′ splice sites, the pseudoexon 3′ splice site is among the strongest 3′ splice sites because it was identified by all programs and its score exceeds the score of the majority of the authentic *MTRR* 3′ splice sites. Moreover, three programs assessed the pseudoexon 3′ splice site as being stronger than all the constitutive *MTRR* 3′ splice sites ([Table 1](#tbl1){ref-type="table"} or Supp. [Table S1](#SD1){ref-type="supplementary-material"}). On the other hand, the 5′ splice site of the pseudoexon is suboptimal. It was recognized as a splice site only by three of five predictive programs, although the scores oscillate around the median value found for the authentic *MTRR* 5′ splice sites (for details, see Supp. [Table S1](#SD1){ref-type="supplementary-material"}). However, the intrinsic strength of the *MTRR* pseudoexon 5′ splice site is low due to mismatches to U1snRNA at the −3, +3 and 16 positions \[[@b23]\]. We hypothesized that it is because of this weak 5′ splice site that the pseudoexon is normally not recognized and included in the *MTRR* mRNA, and that strengthening of this weak splice site by changing positions −3, +3, and +6 to the consensus nucleotides would improve splicing, so that the pseudoexon is always included irrespective of the presence of the c.903+469T\>C mutation. To test this hypothesis we generated the wild-type and mutant *MTRR*- β-globin minigenes in which the 5′ splice site was converted to (1) a strong splice site with C at −3, A at +3, and T at the +6 position, and (2) other constructs with a slightly weaker splice site also with C at −3 and T at +6, but with a G at the +3 position. All the constructs with the optimized 5′ splice sites, except the wild-type construct with the suboptimal +3G, showed complete exon inclusion ([Fig. 1B](#fig01){ref-type="fig"}). The wild-type construct with the +3G still showed a small amount of pseudoexon exclusion, consistent with +3G being a slightly weaker splice site \[[@b15]; [@b18]; [@b23]\]. This showed that it is this weak 5′ splice site, which ensures that there is no pseudoexon inclusion into wild-type *MTRR* mRNA.

###### 

In Silico Analyses of MTRR Authentic and Pseudoexon Splice Sites

                                      GeneSplicer   NetGene2   NNSplice   SpliceView   SpliceSiteFinder   MaxEnt                                   
  ----------------------------------- ------------- ---------- ---------- ------------ ------------------ -------- ---- ---- ------ ------ ------- -------
  Constitutive exons                                                                                                                               
  N[a](#tf1-1){ref-type="table-fn"}   3             10         13         12           12                 11       13   12   13     13     13      13
  Min. score                          4.91          1.50       0.30       0.07         0.71               0.62     74   77   68.4   77.6   5.68    5.39
  Max. score                          9.37          7.20       0.95       0.96         1.00               0.99     90   89   95.4   92.7   11.11   10.41
  Median                              n.d.          5.46       0.67       0.33         0.97               0.90     84   83   84.3   86.4   8.54    7.89
  Pseudoexon                          n.f.          12.58      n.f.       0.94         0.90               0.98     83   92   84.1   96.9   7.09    10.41

Number of authentic MTRR splicing donors or acceptors identified by a particular predictive program from the total number of 13 authentic MTRR splicing donors and acceptors, respectively.

SS, splice site; n.d., not determined; n.f., not found. Reference sequence of the cytosolic isoform of the *MTRR* gene, GenBank Accession No. NC_000005.9 (g.DNA), was used for in silico analyses. All nucleotide numbering regarding the *MTRR* gene (NM_002454.2) reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence, according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

The Intronic Mutation c.903+469T\>C Creates a New ESE
-----------------------------------------------------

Because recognition of weak splice sites can either be assisted by splicing enhancers or suppressed by splicing silencers, we hypothesized that the c.903+469T\>C mutation could function by creating a splicing enhancer or by disrupting a splicing silencer. Therefore, we scanned the wild-type and c.903+469T\>C mutant pseudoexon sequence for ESEs and ESSs using different web based programs (for details see Materials and Methods). The results generated by ESE finder \[[@b5]\] indicated that the c.903+469C nucleotide dramatically increases the score of a SF2/ASF binding motif (**[T]{.ul}**GGAGGA \> **[C]{.ul}**GGAGGA) from being close to the lower threshold (2.341) to having a very high score (5.262). In addition, the c.903+469T\>C mutation creates a new high score SF2/ASF motif (GGC**C**GGA) with a score of 2.967 ([Table 2](#tbl2){ref-type="table"}). An overlapping SC35 binding motif (GGC**[T]{.ul}**GGAG \> GGC**[C]{.ul}**GGAG) is not affected by the mutation. Analysis using the ASD program \[[@b29]\] gave similar results, but the RESCUE-ESE program \[[@b7]\] did not show any difference between the distribution of ESE motifs in the wild-type and the mutant pseudoexon sequence. Moreover, neither the FASS-ESS program \[[@b32]\] nor the ASD program indicated that c.903+469\>T disrupts an ESS. Altogether, these data suggested that the c.903+469T\>C mutation activates the pseudoexon by strengthening and/or creating an ESE, which potentially could function by binding of the splicing factor SF2/ASF.

###### 

ESEfinder 3.0 Analyses of the Wild-Type and Mutant Pseudoexon

                     SF2/ASF threshold = 1.956   SC35 threshold = 2.383                           
  ------------------ --------------------------- ------------------------ ------- ---- ---------- -------
  Wild type mutant   23                          TGGAGGA                  2.341   20   GGCTGGAG   3.385
                     20                          GGCCGGA                  2.967   20   GGCCGGAG   3.616
                     23                          CGGAGGA                  5.262                   

Position of the first nucleotide of an ESE motif counted from the 5′ boundary of the pseudoexon.

SF2/ASF Regulates *MTRR* Pseudoexon Inclusion
---------------------------------------------

To investigate whether inclusion of the *MTRR* pseudoexon can be regulated by SF2/ASF, HEK-293 cells were cotransfected with the MTRR-β-globin minigenes and vectors expressing SF2/ASF, or either of two other SR-proteins, namely, SRp40 and SRp55. Whereas SRp40 and SRp55 overexpression had no effect on pseudoexon inclusion, overexpression of SF2/ASF had a strong positive effect on the mutant construct ([Fig. 2A](#fig02){ref-type="fig"}), but only a very weak effect on the wild type. Together these results suggested that the c.903+469T\>C mutation strengthens and/or creates an SF2/ASF binding ESE, and that the cellular amounts of SF2/ASF determines if the pseudoexon is included by binding to this ESE.

![SF2/ASF regulates *MTRR* pseudoexon inclusion by binding to an *MTRR* ESE. **A:** *SF2/ASF overexpression.* HEK293 cells were cotransfected by the wild-type or c.903+469T\>C mutant *MTRR* β-globin, and vectors expressing SF2/ASF, SRp40 or SRp55, respectively. After RNA isolation the splicing products were analyzed by RT-PCR using minigene specific primers. The lower band represents correctly spliced minigene exons, the upper band represents the *MTRR* pseudoexon inserted between the minigene exons. **B:** RNA interference. HEK-293 cells were transfected with double-stranded RNA oligonucleotides directed toward the *SF2/ASF* mRNA or a negative control, followed by transfection with the *MTRR* β-globin or HIV-*tat* minigenes (left panels). The degree of SF2/ASF downregulation was tested by Western blotting (right panel). The results of the Western blot is shown below the corresponding lanes.](humu0031-0437-f2){#fig02}

Consequently, we speculated that a decrease in cellular SF2/ASF amounts would inhibit pseudoexon inclusion from the mutant minigene. Therefore, we performed siRNA mediated downregulation of SF2/ASF in HEK-293 cells and transfected them with the wild-type and mutant MTRR-β-globin minigenes ([Fig. 2B](#fig02){ref-type="fig"}). This showed a clear decrease in pseudoexon inclusion from the mutant constructs despite the fact that downregulation of SF2/ASF was not complete. Identical results were observed when we performed this analysis using the HIV-*tat* minigene with wild-type and mutant *MTRR* pseudoexon ([Fig. 2B](#fig02){ref-type="fig"}). This further corroborates the notion that *MTRR* pseudoexon inclusion is caused by SF2/ASF binding to an ESE, which is created and/or strengthened by the c.903+469T\>C mutation.

SF2/ASF Binds to the Mutant *MTRR* ESE
--------------------------------------

Because both in silico analysis and the overexpression/knock-down experiments indicated that the main effect of the c.903+469T\>C mutation is to create and/or dramatically improve a binding site for SF2/ASF, we analyzed the binding of nuclear proteins to in vitro transcribed wild-type and mutant *MTRR* pseudoexon RNAs by a pull-down assay and Western blotting ([Fig. 3](#fig03){ref-type="fig"}). This showed very clearly that the c.903+469T\>C mutation results in the binding of SF2/ASF to the pseudoexon, whereas there was no indication of a change in hnRNP A1 binding. To more specifically investigate binding of SF2/ASF to the predicted *MTRR* ESE motifs we performed RNA affinity chromatography with RNA oligonucleotides that harbor the wild-type and mutant ESE motifs as part of a much shorter sequence. This analysis confirmed that the c.903+469T\>C mutation dramatically increases the ability of the ESE motifs to bind SF2/ASF, whereas there is no change in the ability to bind hnRNPA1 ([Fig. 3](#fig03){ref-type="fig"}). Thus, the results confirmed that the c.903+469T\>C mutation creates a high-affinity ESE, which in turn, binds SF2/ASF.

![SF2/ASF exclusively binds to the mutant *MTRR* ESE. Pull-down assay. In vitro transcribed wild-type or mutant *MTRR* pseudoexon RNAs coupled to biotinylated magnetic beads, or oligonucleotides harboring either the wild-type or mutant *MTRR* ESE sequence were incubated with HeLa nuclear extract, and the interacting proteins were identified by Western blotting with the use of SF2/ASF or hnRNPA1 antibodies. Sequences of the used oligonucleotides are listed below the pictures.](humu0031-0437-f3){#fig03}

Discussion
==========

In recent years our view of aberrant splicing as a disease mechanism has changed from a situation in which this possibility was considered to be relatively rare and only relevant when one out of a few critical nucleotides in the splice site consensus sequences at the exon/intron borders are changed, to a situation where all sequence variants in a gene may potentially disrupt splicing. Despite the fact that introns typically make up more than 90% of the sequence of a gene, the vast majority of reported mutations that cause aberrant splicing without directly affecting the splice sites are located in exons \[[@b3]; [@b4]; [@b31]\]. This overrepresentation does of course reflect the importance of exonic sequences in splicing regulation, but may also in part be caused by the current routine mutation--detection techniques, where intronic sequences are not analyzed. With the rapidly evolving improvements in sequence analysis techniques, an enormous amount of intronic sequence variation, like intronic single-nucleotide polymorphisms (SNPs), are detected. These sequence variations may potentially affect splicing and thus be involved in human disease. It is therefore crucial that we learn more about the mechanisms by which intronic sequence variations may cause aberrant splicing.

In the present study we have investigated in detail how the most frequent disease-causing mutation in the *MTRR* gene, the deep intronic mutation c.903+469T\>C, leads to pseudoexon inclusion. We first used two different splicing reporter minigenes to demonstrate that the pseudoexon inclusion, which is observed in patient cells \[[@b33]; [@b35]\], is caused by the c.903+469T\>C mutation per se and not by another closely linked sequence variation. Although the degree of pseudoexon inclusion was not as pronounced as previously observed in patient cells \[[@b35]\], the fact that we observed a similar splicing pattern in two different splicing reporter minigenes, each representing a different heterologous context for the pseudoexon, shows that the c.903+469T\>C mutation is decisive for the *MTRR* pseudoexon inclusion, but that the nature of the genomic context is an important determinant for the efficiency of pseudoexon inclusion. We next wanted to explore the molecular mechanism underlying pseudoexon inclusion. From our in silico analysis it is obvious that the *MTRR* pseudoexon possesses a strong 3′ splice site, whereas the 5′ splice site is suboptimal. When we substituted the weak 5′ splice site with an optimal 5′ splice site having −3C, +3A, and +6T, the wild-type pseudoexon was completely included, whereas substitution with a slightly weaker optimal 5′ splice site having −3C, +3G, and +6T slightly resulted in a marginally lower lever of inclusion of the wild-type pseudoexon. These results confirmed that it is the weak 5′ splice site that ensures that the wild-type pseudoexon is normally not activated, and that activation depends on splice site strength. Our results demonstrate that a single suboptimal splice site is sufficient to distinguish a pseudoexon from a functional exon, and it is in line with the many reported examples of pseudoexon activation caused by single nucleotide substitutions that strengthen a weak splice site \[[@b3]\]. There are, however, numerous examples of functional 5′ splice sites, which are functional despite being weaker than the natural *MTRR* pseudosplice. Moreover, a search in the SpliceRack database (<http://katahdin.cshl.edu:9331/splice/index.cgi?database=spliceNew>) for human 5′ splice sites shows that 10 different genes have functional exons with a 5′ splice site with the same consensus (AAG\|GTCAGCC) as the nonfunctional site in the *MTRR* pseudoexon \[[@b27]\]. This nicely illustrates that this splice site sequence is, in fact, functional in other exons, and points to the fact that the nature of sequences outside of the splice sites is fundamental for splicing regulation, and that exon recognition is determined by a balance between splice site strength and the local distribution of splicing silencers and splicing enhancers.

A search for potential splicing regulatory elements within the *MTRR* pseudoexon showed that the c.903+469T\>C mutation created a new one and strengthened another binding motif for the splicing factor SF2/ASF. The hypothesis that the activation of the mutant pseudoexon is, in fact, caused by creation and/or strengthening of an SF2/ASF binding ESE was confirmed by our knock-down and overexpression experiments, which showed that inclusion of the mutant pseudoexon is regulated by the cellular amounts of SF2/ASF. We confirmed that this effect was directly mediated by the ESE sequence created by the c.903+469T\>C mutation, because our in vitro binding studies very clearly showed that SF2/ASF binding was dependent on the c.903+469T\>C mutant sequence. Interestingly, an identical motif (GG**[CGGAGGA]{.ul}**AG) has previously been identified as a functional SF2/ASF binding ESE in the alternatively spliced *RON (MST1R)* proto-oncogene \[[@b8]\]. In this gene, the ESE sequence in exon 12 was also proven to bind SF2/ASF in vitro and SF2/ASF overexpression was shown to promote recognition of the weak 3′ splice site of exon 12 in model minigenes. The data from *RON* and *MTRR* splicing demonstrates that the shared core sequence CGGAGGA is a strong ESE motif, which is recognized by SF2/ASF. Identification of an identical regulatory sequence in two different and functionally diverse genes suggests that this could be a frequent motif that can function in SF2/ASF mediated recognition of weak 5′ splice sites as well as weak 3′ splice sites, and suggests that this motif could also function as a fundamental splicing regulatory element in other genes.

To our knowledge, only four other examples of intronic mutations that activate pseudoexons by altering splicing regulatory elements within the pseudoexon have been reported so far \[[@b6]; [@b10]; [@b11]; [@b19]\]. A G\>A substitution in intron 4 of the *α-GalA* gene \[[@b10]\], a G\>A substitution in intron 6 of the *COL4A5* gene \[[@b11]\] and a A\>G substitution in intron 1 of the *FGB* gene \[[@b6]\], are all believed to activate pseudoexons either by creating ESE motifs or abolishing ESS motifs, but in none of these examples the functional binding motif or the involved splicing regulatory protein have been identified experimentally. However, introduction of secondary mutations in a minigene indirectly suggests that the mutation in intron 1 of the *FGB* gene, similar to the *MTRR* mutation, activates the pseudoexon by creating a SF2/ASF-binding motif \[[@b6]\], and thus also suggests ESE creation as the mechanism for pseudoexon activation. Pagani and coworkers \[[@b13]; [@b19]\] reported pseudoexon activation due to a deep intronic 4 bp deletion in the *ATM* gene. They demonstrated experimentally that the deletion abolishes a splicing silencer, which functions by binding of the U1snRNP. Also, studies from the *GHR* gene \[[@b1]\] have suggested that U1 snRNP can act as a splicing suppressor of pseudoexons, and this was supported by testing of U1snRNP binding to other pseudoexons that had sequences complementary to U1snRNA \[[@b1]\]. Whereas both the *ATM* and *GHR* pseudoexons harbor a suitable binding site for U1snRNA within the pseudoexon sequence, there are no similar binding sites in the *MTRR* pseudoexon sequence. Consistent with this, we could not observe any suppressing effect on mutant *MTRR* pseudoexon inclusion from overexpression of U1snRNA (Supp. [Fig. S1](#SD1){ref-type="supplementary-material"}), and there is therefore no evidence that U1snRNP binding outside of the 5′ splice site contributes to *MTRR* pseudoexon silencing. Examination of the pseudoexon sequences from the *α-GalA* gene, the *COL4A5* gene, and the *FGB* gene also showed that there were no U1snRNP binding sites, and consequently, that it is only the wild-type *ATM* pseudoexon that harbors a motif that is complementary to U1snRNA (Supp. [Fig. S1](#SD1){ref-type="supplementary-material"}). This indicates that although suppression of pseudoexon splicing by U1snRNP binding outside of the splice site can suppress some pseudoexons, it is not a general feature of all pseudoexons.

When [@b30] systematically studied the importance of various splicing regulatory elements (5′- and 3′-splice site strength in combination with splicing enhancer and silencer sequences) for their ability to cause inclusion of a pseudoexon from the human *HPRT* gene, they concluded that more than one element had to be changed to activate the pseudoexon. This would suggest that pseudoexon activation is a rare event. However, an increasing number of examples of pseudoexons, which have been activated by a single nucleotide substitution and resulted in disease, has been reported in recent years \[[@b3]\]. The majority of these mutations simply improve splice site strength, which is consistent with splice site strength being the major determinant for exon recognition. Whereas such intronic nucleotide substitutions that create a new splice site or strengthen an existing pseudo splice site are relatively easy to discover, substitutions that either abolish a splicing silencer or creates a splicing enhancer are more difficult to assess due to the degeneracy of the binding motifs. The present study shows, however, that this mechanism does occur, and may lead to dramatic changes in the splicing pattern and ultimately result in human disease.

In conclusion, we present for the first time functional evidence that conclusively demonstrates that an intronic single nucleotide sequence mutation is sufficient to induce pseudoexon activation by creating a functional ESE, which binds the splicing factor SF2/ASF. We suggest that this molecular mechanism may cause genetic disease much more frequently than reported so far.
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